Abstract Chronic kidney disease (CKD) is associated with increased morbidity and mortality in coronary artery disease (CAD) patients. We compared the economic attractiveness of CAD revascularization procedures in patients with and without CKD. Our population included 6218 patients with significant CAD undergoing cardiac catheterization at Duke University between 1996 and 2001, with follow-up through 2002. We investigated the influence of CKD (creatinine clearance < 60 mL/min) upon 3-year survival and medical costs in our CAD population. Coronary artery bypass graft (CABG) surgery was an economically attractive alternative vs. percutaneous coronary intervention (PCI) or medical therapy for all patients with left main disease, three-vessel CAD patients without CKD, and two-vessel CAD patients with CKD. Medical therapy was an economically attractive strategy vs. CABG surgery or PCI for three-vessel CAD patients with CKD, two-vessel CAD patients without CKD, and all singlevessel CAD patients.
Introduction
Coronary artery disease (CAD) is associated with significant morbidity and mortality in chronic kidney disease (CKD) patients. However, CKD's impact upon the medical costs and survival benefits associated with specific CAD treatment strategies is not known.
Clinical trials and observational studies have shown that CAD revascularization procedures (i.e., coronary artery bypass graft [CABG] surgery and percutaneous coronary intervention [PCI] ) improve clinical outcomes in select patient groups. The ACC/AHA guidelines for coronary artery bypass graft surgery concluded that the primary survival benefits of CABG surgery versus Medical Therapy (MED) are in patients with left main, left main equivalent, or three-vessel CAD [1] . They also report a survival benefit for PCI versus CABG surgery in patients with singlevessel, non-left anterior descending (LAD) disease; and a survival benefit for CABG surgery versus PCI in patients with proximal LAD and in all patients with three-vessel LAD disease [2] . The ACC/AHA guidelines for PCI also recommend CABG surgery vs. PCI for multi-vessel CAD patients with diabetes, but recommend MED for the initial management of patients without severe symptoms and ischemia [3] .
Recent studies have demonstrated that the presence and severity of CKD is associated with increased morbidity and mortality in CAD patients; and that this condition may alter the relative survival benefits associated with CAD revascularization procedures [4] [5] [6] . However, it is not know whether CKD significantly impacts the economic attractiveness (i.e., relative medical cost-survival benefit trade-offs) associated with CAD treatment strategies. We compared the economic attractiveness of CAD revascularization procedures in patients with and without CKD.
Materials and methods

Study population
Our clinical population included patients undergoing cardiac catheterization at Duke University Medical Center between July 1, 1996 and December 31, 2001, with followup through December 31, 2002. We included patients with significant coronary artery disease (≥75% stenosis in one or more major epicardial coronary segment) and excluded those with obstructive or restrictive cardiomyopathy, hemodynamic instability, valvular or congenital heart disease, or end-stage renal disease. All patients provided informed consent and study protocol approval was obtained from the Duke University Medical Center Institutional Review Board. In addition, deaths were reviewed by an independent mortality committee.
CKD-CAD strata
We divided the population into CKD-CAD strata based upon extent of chronic kidney and coronary artery disease. First, we calculated creatinine clearance using the Cockcroft-Gault equation and used this information to stratify the population into two CKD groups: patients without CKD (creatinine clearance ≥ 60 mL/min) and patients with CKD (creatinine clearance < 60 mL/min) [6, 7] . Next, we divided each CKD strata into four CAD substrata. The CAD substrata were patients with left main CAD, and those without left main disease who had one-, two-, or three-vessel CAD.
CAD treatment assignments Patients were assigned to one of three CAD treatment groups (CABG surgery, PCI, or MED) using previously defined criteria [6] . CABG surgery and PCI group assignment designations were based upon the patient's first revascularization procedure occurring within 30 days of their index cardiac catheterization. Patients without revascularization procedures at 30 days were assigned to the MED group. MED patients dying within 5 days of their index catheterization were excluded to avoid bias from their not having the opportunity to undergo revascularization.
Data collection
Clinical events Baseline patient characteristics and resource use information were collected prospectively by cardiology fellows at the time of the index cardiac catheterization and recorded in the Duke Information System for Clinical Computing (DISCC) [8, 9] . Administrative information (e.g., length of stay, billing codes, admission/discharge dates) relating to the index and follow-up episodes of care at Duke University Medical Center was recorded in the Duke Hospital Information System. We also collected follow-up information on deaths and four types of non-Duke hospitalizations (i.e., myocardial infarction, CABG surgery, PCI procedure, and other hospitalization). All patients were contacted initially at 6 months after their index procedure, 1 year after their index procedure, and annually thereafter [10] [11] [12] . Follow-up was 95% complete.
Inpatient costs All cost information (baseline and followup) used in this study came from Duke University Medical Center's Transition Cost Accounting System. Transition is a bottom-up system that estimates aggregate patient costs as the sum of their component intermediate product costs [13] . Because cost information was not available for each episode of care, we developed two resource-based regression models from Duke's cost accounting database to impute hospital costs for patients with missing financial information for hospitalizations at baseline (R 2 =0.93), and during the follow-up period (R 2 =0.88) [13] .
Endpoints
We assessed 3-year survival and cumulative inpatient costs by CAD treatment strategy within each of the CKD-CAD strata. Endpoints were assessed by comparing survival and cumulative medical cost differences between pairings of more and less invasive CAD treatment strategies. In these analyses, CABG surgery was considered more invasive than PCI and PCI more invasive than MED. We prospectively excluded left main CAD patients undergoing PCI therapy and single-vessel CAD patients undergoing CABG surgery from our analyses as these therapeutic options were underrepresented in our data. Thus, while we considered all three CAD treatment strategies for multi-vessel CAD, we only compared PCI vs. MED for single-vessel disease and CABG surgery vs. MED for left main disease.
Data analysis
Baseline characteristics Baseline characteristics are presented as percentages for discrete variables and as medians with 25th and 75th percentiles for continuous variables.
Differences between dichotomous variables were tested using the chi-square statistic, and differences between continuous variables were assessed using the KruskalWallis test.
Survival analysis Unadjusted Kaplan-Meier 3-year survival estimates for CAD treatment strategies were generated by CKD group. We then used the Anstrom-Tsiatis method to estimate adjusted 3-year survival by CAD treatment strategy within each CKD-CAD strata [14, 15] . We also estimated mean between-treatment-group survival differences for each CAD-CKD strata based on 1000 bootstrap datasets, estimated 90% confidence intervals (CI), and calculated the percent of samples in which the more invasive therapy was life saving versus the less invasive therapy.
Event and cost analysis We also used the Anstrom-Tsiatis method as described above in our event and medical cost analyses. To more efficiently make use of our event and cost data, we partitioned the follow-up period into nonoverlapping intervals and estimated the mean response and standard error within each interval. These results were then summed to create overall estimates of events and costs for the entire 3-year follow-up period. After calculating 3-year cumulative medical cost estimates by CAD treatment strategy and CKD-CAD strata, we then estimated mean cost differences between treatment strategies using 1000 bootstrap data sets, estimated 90% confidence intervals for the cost difference, and calculated the percent of samples in which the more invasive strategy was cost-saving.
Economic attractiveness analysis Three situations may arise in an economic attractiveness analysis (See Fig. 1 ). When the more invasive CAD treatment strategy is associated with reduced survival, it is described as dominated; when it is associated with an increase in survival and a decrease in medical costs, it is dominant; and when it is associated with an increase in both survival and medical costs, its cost vs. survival benefit is assessed using a cost-effectiveness ratio (incremental discounted costs divided by the incremental discounted survival, using a 3% discount factor) [13] . By conventional standards, therapies costing ≤$50,000/year of life saved (YOLS) are considered cost-effective, therapies costing >$50,000/ YOLS but ≤$150,000/YOLS are in the zone of economic uncertainty, and therapies costing > $150,000/YOLS are economically unattractive [13] . We estimated the median economic attractiveness (incremental medical costs divided by incremental survival) for CAD treatment strategy pairs in each CKD-CAD strata using 1000 bootstrap data sets.
Stability analysis
We evaluated the stability of our economic attractiveness estimates by calculating the percent of bootstrap samples for which the point estimates for incremental survival and incremental costs indicated that the more invasive therapy was dominant, cost-effective, or dominated when compared with the less invasive therapy. In this analysis, the dominated category shows the clinical risk (i.e., percent of times the more invasive therapy is lifetaking) while the dominant and cost-effective categories show the clinical and economic benefit (i.e., percent of times the more invasive therapy is life-saving at an acceptable cost to society).
Results
Baseline characteristics
Baseline patient characteristics and resource use for the 6218 study patients (4759 without CKD and 1459 with CKD) are in Table 1 and 3-year cardiac event rates are in Table 2 .
Patients with CKD Across all CAD treatment strategies, patients with CKD were older and more frequently female, with greater cardiovascular disease severity than patients without CKD. In particular, they had greater incidence of congestive heart failure, with more vascular disease (cerebrovascular or peripheral vascular), multi-vessel CAD, left main disease, and 30-day mortality (Table 2) . At 3-years follow-up they also had more total events, and their 3-year unadjusted survival was less than that for patients without CKD.
Across both CKD Groups Within both CKD groups, patients assigned to MED were more frequently minorities with a greater incidence of congestive heart failure and vascular disease than patients undergoing revascularization. Patients undergoing PCI procedures had the least severe cardiovascular disease (i.e., better cardiac profile with more frequent one and two-vessel disease); whereas patients assigned to CABG surgery had more severe CAD (i.e., 3-vessel and left main disease) than those undergoing PCI. Patients in both CKD groups had similar 30-day PCI and CABG surgery rates. In both CKD groups, survival for patients receiving MED was much less than that for patients receiving CABG surgery and PCI. Three-year adjusted survival differences among study patients were driven by differences in the extent of CKD and CAD, and by CAD treatment assignments (Table 3) . Generally, patients with CKD and/or more severe CAD had greater mortality than patients without these conditions. And, while the use of more invasive treatment strategies produced modest 3-year survival gains over less invasive treatments in most CKD-CAD strata, those gains frequently did not reach statistical significance (i.e., were <95% life-saving).
PCI vs. MED In both CKD groups, patients with less severe CAD had greater 3-year survival than patients with more severe disease. The survival benefit of PCI vs. MED was modest in most CKD-CAD strata, with the greatest difference occurring in three-vessel CAD patients without CKD.
CABG vs. MED Survival for MED patients diminished with greater extent of CAD while that for CABG surgery patients was relatively constant. CABG surgery conferred a significant survival benefit vs. MED in patients with threevessel or left main CAD in both CKD groups, and in twovessel CAD patients with CKD.
CABG vs. PCI In both CKD groups, survival for PCI patients was lower in three-vs. two-vessel CAD. And while CABG patient survival was relatively constant in all multi-vessel CAD patients without CKD, it diminished in three-as compared with two-vessel CAD patients with CKD. Among patients without CKD, PCI was associated with a modest survival benefit in two-vessel and CABG surgery was associated with a similarly modest survival benefit in 3-vessel CAD patients. However, CABG surgery had a significant survival benefit vs. PCI in multi-vessel CAD patients with CKD.
Adjusted 3-year inpatient costs
As with survival, 3-year medical cost differences were largely driven by differences in the extent of CKD and CAD and by differences in CAD treatment assignments (Table 4) . Patients with CKD and more severe CAD generally had higher medical costs than patients without these conditions. Although more invasive treatment strategies were typically more expensive than less invasive strategies (i.e., < 50% cost-saving) in most CKD-CAD strata, these differences frequently were not statistically significant (i.e., < 5% cost-saving).
PCI vs. MED In both CKD groups, patients with multivessel CAD had greater medical costs than patients with single-vessel CAD. And while cost differences reached (or neared) statistical significance for patients without CKD, this was not the case in CKD patients, where overall cost differences between therapies were much smaller.
CABG vs. MED In comparing these patients, cost differences between therapies reached statistical significance for all patients without CKD. However, medical costs were much higher for CKD patients and differences only reached statistical significance among three-vessel CAD patients.
CABG vs. PCI Among patients without CKD, cost differences between therapies were small and were only statistically significant in two-vessel CAD patients. However, among patients with CKD, medical costs for CABG surgery patients were greater and reached statistical significance for all multi-vessel CAD patients.
3-year economic attractiveness PCI vs. MED PCI was not an economically attractive alternative to MED for most single-vessel CAD patients in both CKD groups (Table 5 ). Among multi-vessel CAD patients, it was cost-effective in three-vessel CAD patients without CKD and dominant in two-vessel CAD patients with CKD.
CABG vs. MED CABG surgery was an economically attractive strategy versus MED for patients in many CKD-CAD strata. These included all patients with left main CAD, three-vessel CAD patients without CKD, and twovessel CAD patients with CKD. CABG vs. PCI The presence of CKD directly impacted the relative economic attractiveness of CABG surgery vs. PCI. Among patients without CKD, CABG surgery was an economically unattractive alternative (dominated or >$150,000/YOLS) vs. PCI in patients with two-vessel CAD, while it was economically attractive in three-vessel CAD patients. In contrast, CABG surgery was an economically attractive alternative vs. PCI among two-vessel CAD patients with CKD, whereas, it was an economically unattractive alternative for CKD patients with three-vessel disease (Table 6 ). 
Discussion
We assessed medical cost vs. survival benefit tradeoffs associated with CAD revascularization procedures in patients with and without CKD. Despite higher medical costs and greater mortality for CKD patients, we found that the relative economic attractiveness of CAD revascularization procedures was largely similar among left main patients where CABG was favorable and one-vessel CAD patients where MED was favorable. However, differences were found among multi-vessel CAD patients; CABG was favorable for three-vessel CAD patients without CKD and for two-vessel CAD patients with CKD, but MED was favorable for three-vessel CAD patients with CKD and for two-vessel CAD patients without CKD.
PCI vs. MED
In a systematic review of PCI vs. MED trials, Bucher and colleagues found that the use of PCI was associated with no significant difference in the risks of death or myocardial infarction [16] . We found that PCI was life-saving vs. MED in >50% of all patients with and without CKD. However these differences were only statistically significant among patients in two of the non-CKD strata. Interestingly, while PCI produces the greatest survival advantage vs. MED in threevessel CAD patients without CKD, it was associated with no survival advantage in three-vessel CAD patients with CKD. Unfortunately we have no economic information from clinical trials comparing PCI with MED. However, one writer's assessment that PCI largely serves as an expensive alternative to MED was born out in our results [17] . PCI was more expensive than MED for all patients without CKD and for single-vessel CAD patients with CKD. However, PCI was less expensive than MED in >50% of CKD patients with multi-vessel CAD. Overall, PCI would be considered an economically attractive alternative to MED only among three-vessel CAD patients without CKD. While it was dominant vs. MED among two-vessel CAD patients with CKD, this estimate was unstable and PCI was dominated by MED in 27% of bootstrap samples.
CABG vs. MED
Yusuf and colleagues used information from seven trials to compare CABG with MED and concluded that the reduction in mortality achieved by surgical revascularization was proportional to the number of diseased vessels and the degree of myocardial ischemia, particularly if LAD disease was present [18] . We found that CABG surgery was lifesaving vs. MED across both CKD groups. These differences reached statistical significance for all three-vessel and left main CAD patients and for two-vessel CAD patients with CKD. The survival benefit associated with CABG surgery vs. MED in two-vessel CKD patients (0.36 years) was comparable to that in three-vessel CAD patients with and without CKD, and appears to be driven by reduced survival among two-vessel MED patients with CKD. CABG surgery costs are typically greater than those for other CAD therapies and remain high even in patients with less severe CAD [17, [19] [20] [21] . Thus, CABG surgery is most economically attractive vs. PCI and MED in those patients for whom it confers the greatest survival advantage and for whom the costs of alternative treatments are greatest (i.e., patients with most severe CAD). We found that CABG surgery was more expensive than MED for all patients, and that these differences reached statistical significance in all strata with CKD patients. However, the survival benefits associated with surgical revascularization were frequently of such magnitude that it was economically attractive (i.e., cost-effective or dominant). Among patients without CKD, CABG surgery was an economically attractive alternative vs. MED in three-vessel or left main CAD. Among CKD patients, surgery was economically attractive vs. MED in two-vessel or left main CAD, and was marginally attractive in patients with three-vessel CAD.
CABG vs. PCI
A recent analysis of nine CABG surgery vs. PCI trials found no differences in mortality rates [22] . However, these trials included lower risk CAD patients who would not benefit from surgical revascularization. The BARI study reported a trend toward greater survival for CABG surgery vs. PCI among three-vessel CAD and significant survival benefit among multi-vessel disease patients with diabetes [23] . We found that CABG surgery was life-saving vs. PCI for all multi-vessel CAD patients with CKD and for three-vessel CAD patients without CKD. However these differences only reached statistical significance among CKD patients.
The BARI economic analysis reported that after 5-years, cumulative PCI costs were 95% of those for CABG ($2664 difference). This report also suggested that CABG surgery was more expensive than PCI with no survival benefit for two-vessel CAD patients but cost-effective in three-vessel CAD patients [21] . In our analysis, CABG surgery was more expensive than PCI among all CKD-CAD strata except for those with three-vessel disease without CKD. While our results for patients without CKD agree with the BARI economic analysis, we also found that CABG surgery was economically attractive in all multi-vessel CAD patients with CKD, a population with increased morbidity and mortality.
CKD and CAD treatment
A recent study from our group compared CAD treatmentrelated 5-year survival differences among patients with varying degrees of CKD [6] . Our results compliment those from this earlier study by: confirming the importance of creatinine clearance as the point where CABG surgery may be more attractive than PCI as a revascularization strategy; and by identifying the CAD strata (two-vessel CAD patients) in which optimal CAD treatment strategy differed between patients with and without CKD. We also placed the survival differences identified in these studies in an economic context.
Limitations
Our study's horizon was limited to 3-years follow-up. Therefore questions may arise over whether our more invasive therapies might become more economically attractive after the study's follow-up period ends. The BARI economic study reported that most of the survival benefits of CABG surgery versus PCI were evident at 3-years follow-up [21] . Thus, while we feel that a longer follow-up period would have been informative, we do not believe that a 3-year study horizon limits the ability to generalize our results. Ending enrollment in 2001 also means that our study did not include drug-eluting stents. However, drugeluting stents have not been shown to increase patient survival [24, 25] . Instead the primary benefit of these devices is in reducing repeat revascularizations. Given the limited economic data available on drug-eluting stents, we believe that these devices will most likely cause an overall increase in the total costs of the PCI treatment strategy, making it a less attractive alternative to both MED and CABG surgery. This is a single site study that used observational data so our findings may reflect local practice. However our survival analyses agree with results from systematic reviews and other observational studies regarding the patient groups that generally benefit from more invasive therapies [11, 12, 16, 18, 22, 26, 27] . Another potential confounder is our inability to account for duration of CKD or for changes in CKD status during the follow-up period. Nonetheless our follow-up was 95% complete and any CKD-related changes in patients events (i.e., death, myocardial infarction, CABG surgery, PCI, or other hospitalizations) would have been factored into our clinical and economic results.
Three rationales have been cited for patients to undergo CAD revascularizations: (1) to alleviate symptoms of ischemia; (2) to reduce mortality risks; and (3) to treat/ prevent comorbidities (e.g., arrhythmia, heart failure, or myocardial infarction) [22] . Our results include mortality reductions and indirectly include the treatment/prevention of comorbidities in our follow-up event and medical cost data. However, we did not address potential differences in quality of life (e.g., angina pain) that could be attributed to different CAD treatments. Even in instances where we found no significant differences in survival between more and less invasive therapies, there is a possibility that certain of these patients could benefit from CABG or PCI through improvements in pain management and quality of life.
Lastly, there may be some disagreement regarding our definition of chronic kidney disease. The National Kidney Foundation defines CKD by creatinine clearance and/or proteinurea level; therefore a patient could be classified as CKD even with a creatinine clearance greater than 60 mL/ min. Proteinurea was not available in our dataset, and thus could not be included in our analyses [6] .
Conclusions
CKD is associated with greater cardiovascular disease burden, reduced survival, and higher medical costs in CAD patients. CABG surgery was an economically attractive alternative vs. PCI or MED for all patients with left main disease, three-vessel CAD patients without CKD, and two-vessel CAD patients with CKD. MED was an economically attractive strategy vs. CABG surgery or PCI for three-vessel CAD patients with CKD, two-vessel CAD patients without CKD, and all single-vessel CAD patients.
